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3. First-order	Discoveries	The	new	high-resolution	bathymetric	data	collected	during	survey	KM1609	mapped	many	features	for	the	first	time.	Spreading	fabric	revealed	by	the	previous	KORDI	transit	survey	was	confirmed,	but	many	of	the	deep	fracture	zone	valleys	that	can	be	inferred	from	satellite	altimetry	are	filled	with	sediments	and	were	thus	less	prominent	when	mapped	acoustically.	In	addition,	many	original	seafloor	features	have	been	overprinted	by	tertiary	volcanism	that	further	complicates	our	study	area	(e.g.	Finlayson	et	al.,	2018).	3.1. Spreading	Fabric	Survey	KM1609	aimed	to	map	extinct	spreading	centers	in	the	Ellice	Basin	to	aid	in	locating	and	characterizing	the	evolution	of	a	past	plate	boundary.	The	survey	revealed	long	fracture	zones	that	can	be	traced	point	symmetrically	about	the	central	zone	to	the	boundaries	of	the	study	area	(Figure	3).	These	fracture	zones	bound	abyssal	hill	fabric	and	confirm	seafloor	spreading	in	Ellice	Basin	as	predicted	by	Taylor	(2006).	Other	features	associated	with	spreading	systems	that	are	observed	in	Ellice	Basin	include	multi-strand	fracture	zones,	a	discontinuous	overlapping	and	dueling	spreading	center,	propagators	and	their	conjugate	pseudofaults,	inside	corner	highs	and	corresponding	outside	corner	low	basins,	and	near-transform	abyssal	hill	deflections	(Fox	&	Gallo,	1983;	Hey	et	al.,	1980,	Severinghaus	&	Macdonald,	1988;	Croon	et	al.,	2010).		3.2. Two	Spreading	Stages	Our	mapping	documented	a	rotation	of	the	spreading	direction	from	producing	~N-	to	producing	~NE-trending	abyssal	hills,	supporting	the	two-stage	Chandler	et	al.	(2012)	model.	Stage	1	fracture	zones	trend	generally	E-W	until	a	clockwise	rotation	of	the	spreading	direction	produced	NW-SE	trending	fracture	zones	(Figure	3).	This	change	in	
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Figure	 4:	 Line	 drawing	 interpretation	 of	 bathymetric	 data	 collected	 during	 survey	KM1609.	Rhomboids	identified	in	Area	A	and	Area	B	are	labeled	1-11.		























































































































































Figure	 11:	 Vertical	 gravity	 gradient	map	 (version	 26,	 Sandwell	 et	 al.,	 2014)	 presenting	Stage	2	pole	 location	obtained	 from	Chandler	et	 al.,	 2012	 (red	star)	 and	 this	study	 (cyan	stars).	OJP	–	Ontong	Java	Plateau,	MP	–	Manihiki	Plateau,	Black	dashed	lines	–	Possible	rift	boundaries,	 Magenta	 lines	 –	 Stage	 1	 pseudo-isochrons,	 Green	 lines	 –	 Stage	 2	 beginning	pseudo-isochrons,	 Cyan	 lines	 –	 Stage	 3	 beginning/	 Stage	 2	 ending	 pseudo-isochrons,	Orange	dashed	line	–	late	Stage	3	spreading	center	configuration.		 6.2. Other	Conflicting	Ideas	The	confirmation	of	spreading	in	Ellice	Basin	conflicts	with	previous	works	that	have	recognized	N-S	fracture	zones	in	the	basin	(Nakanishi	et	al.,	1992;	Hochmuth	et	al.,	2015).	In	particular,	Hochmuth	et	al.	(2015)	presents	a	magnetic	anomaly	map	(Figure	5	in	Hochmuth	et	al.,	2015)	that	appears	to	have	involved	the	insertion	of	assumed	fracture	zones	from	Nakanishi	et	al.	(1992)	to	render	an	image	that	results	in	a	false	N-S	trend	
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through	the	middle	of	Ellice	Basin.	Newly	acquired	data	from	survey	KM1609	rules	out	such	a	trend.	6.3. Clipperton	Ridge	Jump	Judging	from	the	seafloor	fabric	of	Stage	3,	spreading	in	the	Ellice	Basin	does	not	appear	to	have	slowed	down	significantly	before	extinction	like	at	the	Osbourn	Trough.	An	explanation	for	this	could	be	a	ridge	jump	to	the	eastern	side	of	the	present	Manihiki	Plateau	to	the	Clipperton	fracture	zone	some	time	during	the	CNS.	However,	the	presence	of	the	Line	Islands	makes	distinguishing	a	date	for	initial	spreading	parallel	to	the	Clipperton	fracture	zone	difficult.	Additional	data	in	this	region,	especially	in	the	vicinity	of	the	Nova	Canton	Trough	(Figure	1),	would	aid	in	the	determination	of	this	event.		7. Conclusions	A.) Survey	KM1609	revealed	evidence	for	a	past	plate	boundary	between	the	Pacific	Plate	with	Ontong	Java	Plateau	and	the	Manihiki	plate	with	the	Manihiki	Plateau.	However,	this	boundary	is	in	a	complex	arrangement	due	to	a	change	in	plate	motion	near	(perhaps	within	<1My)	the	extinction	of	the	spreading	system.	This	stage	was	originally	detected	by	a	slight	systematic	offset	between	Stage	2	fractures	that	developed	as	a	result	of	Stage	3	cross-cutting	the	system.	Stage	3	appears	to	be	the	result	of	a	counter-clockwise	rotation	of	the	spreading	direction	producing	a	short	period	of	transpression	before	spreading	ultimately	ceased.	B.) Fast	spreading	rates	are	inferred	for	the	Ellice	Basin	based	on	the	great	extent	of	the	basin,	plateau	age	constraints	within	the	CNS	and	the	near-central	age	dates	
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presented	by	Finlayson	et	al.	(2018).		Morphological	features	such	as	multi-transform	fracture	zones	and	a	dueling,	overlapping	spreading	center	support	this	inference.	Age	dates	presented	by	Finlayson	et	al.	(2018)	also	suggest	that	spreading	in	the	Ellice	Basin	persisted	later	than	spreading	at	the	Osbourn	Trough.		C.) The	Ellice	Basin	spreading	system	can	be	described	by	three	main	spreading	stages	as	depicted	from	directional	analysis	of	the	fracture	zones	and	abyssal	hill	fabric.	Pseudo-isochrons	were	selected	to	obtain	finite	rotations	for	relative	plate	motion.	Finite	rotations	were	utilized	to	reconstruct	Ellice	Basin	through	time	and	revealed	that	the	total	tectonic	history	of	the	Ellice	Basin	cannot	be	described	by	three	stages	alone.	Seismic	data	interpreted	by	Hochmuth	et	al.	(2016)	suggests	significant	crustal	stretching	on	the	western	margin	of	Manihiki	Plateau	that	could	explain	the	asymmetry	observed	between	the	plateaus	in	our	Stage	1	reconstruction.	Therefore,	this	interpretation	can	be	further	improved	with	additional	high-resolution	bathymetric	data	closer	to	the	plateaus.	D.) The	spreading	geometry	of	the	Ellice	Basin	spreading	systems	demonstrates	an	opposite	development	than	previously	observed	by	Atwater	et	al.	(1993)	and	Searle	et	al.	(1993)	on	north	Pacific	fracture	zones.	The	transtensional	system	of	Ellice	Basin,	created	by	a	clockwise	rotation	of	the	spreading	direction	on	primarily	right-stepping	ridges,	eliminated	transforms	as	Stage	2	spreading	developed.	This	lengthened	and	decreased	the	number	of	spreading	ridges	and	increased	the	area	formed	within	the	rhomboids.		
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E.) Inside	corner	highs	are	primarily	observed	in	the	Ellice	Basin	during	the	transition	from	Stage	1	to	Stage	2	and	appear	to	be	involved	with	the	mode	of	reorientation.	As	the	spreading	ridge	rotates	to	the	new	spreading	direction,	the	outside	corners	of	the	ridge-transform	intersection	are	relatively	starved	in	their	attempt	to	reorient	and	lengthen	while	the	inside	corners	display	a	robust	magma	supply.	This	could	be	explained	by	conjugate	asymmetric	spreading	about	the	ridge	center	during	reorientation.	Further	examination	of	inside	corner	highs	and	their	corresponding	outside	corner	lows	in	other	spreading	systems	is	required	to	fully	understand	and	corroborate	this	hypothesis.		 	
35	
REFERENCES	Atwater,	T.,	Sclater,	J.,	Sandwell,	D.,	Severinghaus,	J.,	Marlow,	M.S.	(1993).	Fracture	zone	traces	across	the	North	Pacific	Cretaceous	Quiet	Zone	and	their	tectonic	implications.	The	Mesozoic	Pacific:	Geology,	tectonics,	and	volcanism.	M.	S.	Pringle,	W.	W.	Sager,	W.	V.	Sliter	and	S.	Stein.	Washington,	Am.	Geophys.	U.:	137–154.	Billen,	M.	I.	and	Stock,	J.	(2000).	"Morphology	and	origin	of	the	Osbourn	Trough."	J.	Geophys.	Res.	105(B6):	13,481–413,489.	Cande,	S.	C.,	LaBrecque,	J.	L.,	Larson,	R.	L.,	Pitman,	W.	C.,	Golovchenko,	X.,	and	Haxby,	W.	F.	(1989).	Magnetic	Lineations	of	the	World's	Ocean	Basins.	Tulsa,	Okla.,	Am.	Assoc.	of	Pet.	Geol.	Caress,	D.W.,	Chayes,	D.N.	(1995).	"New	software	for	processing	sidescan	data	from	sidescan-capable	multibeam	sonars."	Proceedings	of	the	IEEE	Oceans	95	Conference:	997–1000.	Chandler,	M.T.,	Wessel,	P.,	Sager,	W.W.,	(2013).	"Analysis	of	Ontong	Java	Plateau	palaeoloatitudes:	evidence	for	large-scale	rotation	since	123	Ma?"	Geophys.	J.	Int.	
194:	18–29.	Chandler,	M.T.,	Wessel,	P.,	Taylor,	B.,	Seton,	M.,	Kim,	S.-S.,	and	Hyeong,	K.	(2012).	"Reconstructing	Ontong	Java	Nui:	Implications	for	Pacific	absolute	plate	motion,	hotspot	drift	and	true	polar	wander."	Earth	and	Planetary	Science	Letters	331-332:	140–151.	doi:10.1016/j.epsl.2012.03.017.		Croon,	M.	B.,	Cande,	S.	C.,	and	Stock,	J.	M.	(2010).	"Abyssal	hill	deflections	at	Pacific-Antarctic	ridge-transform	intersections."	Geochem.	Geophys.	Geosyst.	11(11):	Q11004.	
36	
Davy,	B.,	Hoernle,	K.,	Werner,	R.	(2008).	"Hikurangi	plateau:	Crustal	structure,	rifted	formation,	and	Gondwana	subduction	history."	Geochem.	Geophys.	Geosyst.	
9(Q07004):	doi:10.1029/2007GC001855.	Finlayson,	V.	A.,	Konter,	J.G.,	Konrad,	K.,	Koppers,	A.A.P.,	Jackson,	M.G.,	Rooney,	T.O.,	(2018).	"Sr–Pb–Nd–Hf	isotopes	and	40Ar/39Ar	ages	reveal	a	Hawaii–Emperor-style	bend	in	the	Rurutu	hotspot."	Earth	and	Planetary	Science	Letters	500:	168–179.	Fox,	P.J.,	Gallo,	D.G.	(1984).	"A	tectonic	model	for	ridge-transform-ridge	plate	boundaries:	Implications	for	the	structure	of	the	oceanic	lithosphere."	Tectonophysics	104:	205–242.	Gallo,	D.G.,	Fox,	P.J.,	Macdonald,	K.C.	(1986).	“A	Sea	Beam	Investigation	of	the	Clipperton	Transform	Fault:	A	Morphotectonic	Expression	of	a	Fast	Slipping	Transform	Boundary.”	J.	Geophys.	Res.	91(B3):	3455–3467.	Goodliffe,	A.M.,	Taylor,	B.,	Martínez,	F.,	Hey,	R.,	Maeda,	K.,	Ohno,	K.	(1997).	"Synchronous	reorientation	of	the	Woodlark	Basin	spreading	center."	Earth	Planet	Sci	Lett	146:	233–242.	Granot,	R.,	Dyment,	J.,	and	Gallet,	Y.	(2012).	"Geomagnetic	field	variability	during	the	Cretaceous	Normal	Superchron."	Nature	Geoscience	5:	220–223.	Hellinger,	S.J.	(1981).	"The	uncertainties	of	finite	rotations	in	plate	tectonics."	J.	Geophys.	Res.	86(B10):	9312–9318.	Hey,	R.N.,	Duennebier,	F.K.,	Morgan,	W.J.	(1980).	"Propagating	rifts	on	mid-ocean	ridges."	J.	Geophys.	Res.	85:	3647–3658.	
37	
Hochmuth,	K.,	Gohl,	K.,	Uenzelmann-Neben,	G.	(2015).	"Playing	jigsaw	with	Large	Igneous	Provinces—A	plate	tectonic	reconstruction	of	Ontong	Java	Nui,	West	Pacific."	Geochem.	Geophys.	Geosyst.	16(11):	3789–3807.	Kirkwood,	B.H.,	Royer,	J.,	Chang,	T.C.,	Gordon,	R.G.	(1999).	"Statistical	tools	for	estimating	and	combining	finite	rotations	and	their	uncertainties."	Geophys.	J.	Int.	137(2):	408-428.	Larson,	R.L.	(1991).	"Latest	pulse	of	Earth:	Evidence	for	a	mid-Cretaceous	superplume."	Geology	19:	547–550.	Matthews,	K.J.,	Seton,	M.,	and	Müller,	R.D.	(2012).	"A	global-scale	plate	reorganization	event	at	105−100	Ma."	Earth	and	Planetary	Science	Letters	355–356(0):	283-298.	Menard,	H.W.,	Atwater,	T. (1969).	"Origin	of	fracture	zone	topography."	Nature	222:	1037–1040.	doi:10.1038/	2221037a0.	Müller,	R.D.,	Seton,	M.,	Zahirovic,	S.,	Williams,	S.E.,	Matthews,	K.J.,	Wright,	N.M.,	Shephard,	G.E.,	Maloney,	K.T.,	Barnett-Moore,	N.,	Hosseinpour,	M.,	Bower,	D.J.,	Cannon,	J.	(2016).	"Ocean	basin	evolution	and	global-scale	plate	reorganization	events	since	Pangea	breakup."	Ann.	Rev.	Earth	Planet.	Sci.	44(1):	107–138.	Nakanishi,	M.,	Winterer,	E.L.	(1996).	"Tectonic	events	of	the	Pacific	plate	related	to	formation	of	Ontong	Java	Plateau."	Eos	Trans.	AGU	77(46):	F713.	Nakanishi,	M.,	Tamaki,	K.,	and	Kobayashi,	K.	(1992).	"Magnetic	anomaly	lineations	from	Late	Jurassic	to	Early	Cretaceous	in	the	west-central	Pacific	Ocean."	Geophys.	J.	Int.	
109:	701–719.		
38	
Sandwell,	D.	T.,	Müller,	R.	D.,	Smith,	W.	H.	F.,	Garcia,	E.,	Francis,	R.	(2014).	"New	global	marine	gravity	model	from	CryoSat-2	and	Jason-1	reveals	buried	tectonic	structure."	Science	346(6205):	65-67.	doi:	10.1126/science.1258213.	Searle,	R.C.,	Holcomb,	R.T.,	Wilson,	J.B.,	Holmes,	M.L.,	Whittington,	R.J.,	Kappel,	E.S.,	McGregor,	B.A.,	Shor,	A.N.	(1993).	The	Molokai	fracture	zone	near	Hawaii,	and	the	Late	Cretaceous	change	in	Pacific/Farallon	spreading	direction.	The	Mesozoic	Pacific:	Geology,	tectonics,	and	volcanism.	M.	S.	Pringle,	W.	W.	Sager,	W.	V.	Sliter	and	S.	Stein.	Washington,	Am	Geophys.	U.:	155–169.	Seton,	M.,	Müller,	R.D.,	Zahirovic,	S.,	Gaina,	C.,	Torsvik,	T.,	Shephard,	G.,	Talsma,	A.,	Gurnis,	M.,	Turner,	M.,	Chandler,	M.T.	(2012).	"Global	continental	and	ocean	basin	reconstructions	since	200	Ma."	Earth	Science	Reviews	113:	212–270.	doi:10.1016/j.earscirev.2012.03.002.		Severinghaus	,	F.P.,	Macdonald	K.C.	(1988).	High	inside	corners	at	ridge-transform	intersections.	Mar.	Geophys.	Res.	Small,	C.	and	D.	Abbot	(1998).	"Subduction	obstruction	and	the	crack-up	of	the	Pacific	plate."	Geology	26(9):	795–798.	Smith,	W.	H.	F.,	Sandwell,	D.T.	(1997).	"Global	sea	floor	topography	from	satellite	altimetry	and	ship	depth	soundings."	Science	277(5334):	1956–1962.	Taylor,	B.	(2006).	"The	single	largest	oceanic	plateau:	Ontong	Java-Manihiki-Hikurangi."	Earth	and	Planetary	Science	Letters	241(3-4):	372–380.	Viso,	R.F.,	Larson,	R.L.,	Pockalny,	R.A.	(2005).	"Tectonic	evolution	of	the	Pacific-Phoenix-	Farallon	triple	junction	in	the	South	Pacific	Ocean."	Earth	and	Planetary	Science	Letters	233(1-2):	179.		
39	
Wessel,	P.,	Müller,	R.D.	(2015).	Plate	Tectonics.	Treatise	on	Geophysics,	2nd	edition.	G.	Schubert.	Amsterdam,	Elsevier	Ltd.	6:	45–93.	Wessel,	P.,	Smith,	W.H.F.,	Scharroo,	R.,	Luis,	J.F.,	Wobbe,	F.	(2013).	"Generic	Mapping	Tools:	Improved	version	released."	Eos	Trans.	AGU	94(45):	409–410.	Worthington,	T.,	Hekinian,	R.,	Stoffers,	P.,	Kuhn,	T.,	Hauff,	F.	(2006).	"Osbourn	Trough:	Structure,	geochemistry	and	implications	of	a	mid-Cretaceous	paleospreading	ridge	in	the	South	Pacific."	Earth	and	Planetary	Science	Letters	245:	685–701.	Zhang,	G.,	Li,	C.	(2016).	"Interactions	of	the	Greater	Ontong	Java	mantle	plume	component	with	the	Osbourn	Trough."	Sci.	Rep.	6(37561).	
